Introduction
It is well recognized that the limits of heat dissipation that can be managed by air-cooled heat sink technology, the primary means of cooling microprocessors, are at hand. If the current pace of development in the microelectronics industry is to be sustained, new and innovative cooling strategies are needed. Flow boiling in microchannel heat sinks is a prime contender for replacement of the air-cooled heat sink due to the very high heat transfer rates attainable with this technology. Over the last decade, much research has, therefore, been devoted toward better understanding flow boiling phenomena in microchannels. Recent experimental studies ͓1-4͔ have shed light on the influence of heat flux, mass flux, vapor quality, and channel dimensions on the flow boiling heat transfer coefficients. Improvements in the predictability of flow boiling in small channels have been supported by recent developments in models for both heat transfer ͓5,6͔ and pressure drop ͓7-9͔. Despite the advancements in the state of understanding of microchannel flow boiling, several important factors influencing flow boiling in microchannel heat sinks have yet to be fully explored. In particular, and as will be the topic of this paper, a detailed study of the influence of surface roughness on flow boiling in microchannels has not been reported in literature to the authors' knowledge.
It has long been known that surface characteristics have a significant impact on nucleate boiling heat transfer. Numerous investigations have focused on developing methods of enhancing heat transfer rates for in-tube flow boiling. Although most prior studies have considered macroscale two-phase flow systems, more recently, researchers have begun exploring surface augmentation techniques in minichannels and microchannels. Ammerman and You ͓10,11͔ studied flow boiling in a minichannel and a microchannel with a microporous coated bottom wall. The microporous coated channels resulted in approximately 1.4 times greater heat transfer coefficients than uncoated channels for most test conditions considered. This level of enhancement was somewhat less than the 1.5-3 times greater heat transfer coefficients compared with smooth surfaces that have typically been reported in macroscale tubes with similar coatings ͓12,13͔.
Microchannels with microfabricated notches and cavities were explored by Zhang et al. ͓14͔, Kandlikar et al. ͓15͔, Koşar et al. ͓16 ,17͔, Kuo and co-workers ͓18-20͔, Jones and co-workers ͓21,22͔, and Pate et al. ͓23͔ . Although the augmented channels resulted in lower wall superheats at incipience than smooth surfaces ͓14,19͔, the influence of the augmentation on heat transfer rates in fully developed boiling has not been entirely conclusive. From the data of Zhang et al. ͓14͔ , there appeared to be little benefit from the augmented surface on heat transfer coefficients. Kuo and Peles ͓19͔ found that the augmented surfaces resulted in higher heat transfer coefficients than a smooth surface at higher mass fluxes; however, lower heat transfer coefficients were observed at lower mass fluxes. From the studies in literature, thus far, it appears that the main benefit in using these augmented surfaces is the suppression of flow instabilities in microchannel heat sinks ͓15,20,22͔.
Although surface roughness produced using standard machining operations appears to have fallen out of favor as a surface enhancement technique in macroscale boiling ͓24͔, it is still recognized as an important factor influencing boiling heat transfer. Since different methods of manufacturing microchannels impart different levels of roughness on the channel surfaces, an understanding of its effect on flow boiling is needed. An experimental exploration of the influence of surface roughness in microchannel flow boiling is therefore warranted. In this study, experimental results on flow boiling heat transfer and pressure drop with deionized water using three microchannel heat sinks of varying surface roughness ͑R a = 1.4 m, 3.9 m, and 6.7 m͒ are reported.
ducer is used to measure the pressure drop across the test section and a pressure transducer at the outlet measures gauge pressure. The outlet pressure transducer has an uncertainty of Ϯ0.31 kPa while the differential pressure transducer has an experimental uncertainty of Ϯ0.43 kPa. Inlet pressure measurements are calculated based on the differential pressure transducer and the outlet pressure transducer readings and, therefore, have an uncertainty of Ϯ0.53 kPa.
Subcooled liquid enters the microchannel test section. The subcooled liquid is maintained at the desired temperature using a liquid-to-liquid heat exchanger in conjunction with a large, temperature controlled, hot water bath circulation unit. The liquid/ vapor exiting the microchannel test section flows into a reservoir. The vapor is condensed in a glass reflux condenser, which exchanges heat from the vapor to cold water from a chilled water circulation unit. The condensate falls into the reservoir. The condenser is open to the atmosphere and due to the low pressure drop in the tubing of the flow loop, atmospheric pressure is maintained at the exit of the microchannels. The reservoir is vented with high purity nitrogen. The purpose of the vented nitrogen is to displace the dissolved oxygen in the water, which can contribute to corrosion of the copper test surfaces used in the experiments.
A gear pump is used for pumping the fluid. A 7 m sintered filter element removes any particulates from the flow loop. A liquid-to-air heat exchanger cools the fluid to near-ambient temperatures prior to entering temperature-sensitive equipment in the flow loop. A high-accuracy Coriolis flow meter measures the mass flow rate in the test loop. A vacuum degassifying system is used to remove dissolved gases in the fluid, which can lead to premature bubble nucleation and affect the boiling performance ͓25,26͔. The vacuum degassifier consists of a flow passage constructed out of a hydrophobic, porous membrane. Vacuum is applied to the outside of the flow passage while liquid water flows through it. The membrane is gas-permeable allowing the dissolved gases to be extracted from the liquid as vacuum is applied. The hydrophobic nature of the membrane prevents the liquid from passing through the membrane's porous structure. A nitrogen sweep gas is used to help displace some of the remaining dissolved oxygen in the water. This method of degassing was found to be very effective in removing dissolved oxygen from the liquid, producing dissolved oxygen levels of less than 0.1 ppm after approximately 1.5 h of degassing.
Experimental Test Section.
A schematic diagram of the experimental test section is shown in Fig. 2 . The experimental test piece consists of an oxygen-free copper test block with ten channels, each nominally 500 m wide by 500 m high by 25.4 mm long, manufactured into the top of the block. Six thermocouple taps are drilled into the copper block ͑at three different locations along the flow direction and at two different heights͒. T-type sheathed thermocouples with a sheath diameter of 0.8 mm were used. The thermocouples were referenced to a dry-block ice-point reference chamber. All thermocouples were calibrated using a dryblock thermocouple calibration unit. Since all thermocouples were calibrated against the same, stable temperature source and referenced against a uniform ice-point reference temperature, the estimated uncertainty in temperature differences measured by the thermocouples is Ϯ0.1°C. However, absolute errors in the calibration and reference source lead to an estimate of Ϯ0.3°C for absolute temperature measurements. The bottom channel wall temperature is determined by extrapolation of the temperature measurements. Using standard uncertainty analysis, the estimated uncertainty in the wall temperature ranges from approximately Ϯ0.4°C near boiling incipience to Ϯ1.3°C at the maximum heat flux obtained in the experiments. Twelve cartridge heaters, inserted into holes drilled in the bottom of the test piece, supply the desired power input. The test piece is inserted into a polyetheretherketone ͑PEEK͒ ͑a thermoplastic with good resistance to high temperatures͒ housing. The cover of the test section is manufactured out of polycarbonate with a glass insert in contact with the top of the copper test block. Manifold and plenum regions were machined in the PEEK housing and polycarbonate cover to distribute fluid to and from the microchannels. Thermocouple and pressure taps in the inlet and outlet plenums of the PEEK housing allow measurement of the fluid inlet and outlet temperature and pressure drop across the test section. The lower portion of the copper microchannel test piece is enclosed in an alumina silicate ceramic shell for insulation ͑not shown in Fig. 2͒ .
Microchannel Test Surfaces.
Three microchannel test surfaces of varying surface roughness were fabricated into test pieces. The channels for one test piece were fabricated using a saw blade. The channels for the two other test pieces were roughened using electrical discharge machining ͑EDM͒. Different EDM Transactions of the ASME parameters were used to vary the surface roughness between the two test pieces. These latter channels were first cut with a saw blade to undersized dimensions before undergoing the EDM roughening process. Enough material was removed with the EDM machining process to ensure that the final roughness had no residual features from the saw-cutting operation. It should be noted that the EDM process roughens all three heated sides of the copper microchannel surface.
Ram-type EDM, as opposed to wire EDM, was chosen due to its ability to produce channels with a form that more closely matches the shape of the channels produced with saw-cutting. A graphite electrode was fabricated for the EDM cutting process. The different EDM parameters used in roughening the two test pieces necessitated a different set of electrodes for each test piece in order to produce channels of similar widths since the amount of overburn ͑the gap between the electrode surface and the resulting machined surface͒ changed with the EDM parameter adjustment. During the EDM roughening process, the corners of the electrodes tend to wear preferentially resulting in a channel with rounded corners. This required periodic replacement of the electrodes with a new set in order to reduce the amount of corner-rounding. However, the fixed overburn distance over the periphery of the electrode leads to some corner-rounding being inevitable with EDM.
A black layer was formed on the electrical discharge machined copper surfaces. The exact nature of the black layer was not precisely known but is believed to be a carbon residue, perhaps deposited from the graphite electrode or EDM bath fluid products. Since the surface wettability was likely to be affected by such a layer, it was desirable to remove the layer and expose the bare copper surface prior to testing. Most of the layer could be removed by cleaning the test piece with deionized water in an ultrasonic bath for approximately 2 h. The remainder of the layer was removed using a weak copper etchant solution to etch the underlying copper and lift off the black residue. The copper test pieces were placed in an ultrasonic bath containing 0.3% hydrogen peroxide and 1% sulfuric acid solution. Approximately 20 min of ultrasonic agitation with the acid solution were required to completely remove the remaining residue.
Microchannel Characterization.
The channel widths were measured using an optical microscope with a digital micrometer stage while the channel depths were measured with a Zygo NewView 7300 optical profiling system based on white light, vertical scanning interferometry. The optical profiling system was also used to measure the surface roughness of the bottom channel surfaces. The channel dimensions were measured at approximately 30 locations distributed across the microchannel heat sink while the surface profilometry was performed at 16 different locations. The average channel dimensions and surface roughness measurements for each test piece are shown in Table 1 . The estimated uncertainty in the channel dimension measurements is 5 m. The average channel dimensions are within Ϯ10% of the nominal 500 m by 500 m for each test piece. Several surface roughness parameters are provided in Table 1 , according to ASME B46.1-1995. For the remainder of this paper, R a will be used to denote the roughness of the different surfaces. The surface topography of the bottom channel walls, as measured by the optical profiling system is shown in Fig. 3 . The saw-cut operation produces a channel with a series of grooves ͑see Fig. 3͑a͒͒ . The EDM operation produces an irregular pattern of cavities on the surface. The R a = 6.7 m EDM surface ͑as seen in Fig. 3͑c͒͒ appears to have larger cavities than the R a = 3.9 m surface ͑shown in Fig.  3͑b͒͒ .
Representative profiles of the bottom channel wall are shown in Fig. 4 . These profiles were obtained from the optical profilometer measurements by averaging the surface height along the flow direction of the channel. It is evident that the saw-cut operation produces a channel with a rather flat bottom wall ͑see Fig. 4͑a͒͒ . The channel profiles were nearly square as intended. For the EDM channels, the profile is slightly more rounded, as is particularly evident in the R a = 6.7 m surface ͑see Figs. 4͑b͒ and 4͑c͒͒. As discussed in the previous subsection, although attempts were made to produce a channel cross section that was as square as possible, some rounding of the bottom wall did occur. where
and is the fin efficiency. Due to the very large fin thickness ͑about 2 mm͒ relative to the channel dimensions, the fin efficiency is close to 1 ͑estimated value is 0.99 for a heat transfer coefficient of 50,000 W / m 2 K͒. The estimated uncertainty in the wall heat flux measurements ranges from Ϯ22% of the measured wall heat flux near boiling incipience to Ϯ12% at higher heat fluxes.
Since water enters the microchannel at subcooled temperatures, the channel length can be partitioned into three regions.
where L sp , L sub , and L sat are the lengths of the single-phase, the subcooled boiling, and the saturated boiling regions, respectively. The point of zero thermodynamic quality defines the boundary between the subcooled and saturated boiling regions, assuming thermodynamic equilibrium between the liquid and vapor phases.
The local thermodynamic quality can be defined as
where i is the local enthalpy and i l,sat is the liquid enthalpy evaluated at saturated conditions corresponding to the local pressure.
The length of the single-phase and subcooled boiling regimes can be determined from an energy balance.
where T sat,0 is the saturation temperature at x = 0. Assuming that the local saturation temperature follows a linear relationship between the inlet and outlet of the microchannel as suggested by Collier ͓27͔, the length of the subcooled regions can also be expressed as
where T sat,in and T sat,out are the saturation temperatures evaluated based on the inlet and outlet pressure readings, respectively. Solving Eqs. ͑5͒ and ͑6͒ yields the lengths of the subcooled and saturated regions. The saturated boiling heat transfer coefficient can then be calculated as
where T w is the mean wall temperature and T sat is the mean saturated fluid temperature in the saturated boiling region. The estimated uncertainty in the heat transfer coefficients ranges from Ϯ25% at heat fluxes near boiling incipience to Ϯ13% at higher heat fluxes.
Pressure Drop.
The pressure taps are located upstream and downstream from the inlet and outlet of the microchannels, respectively, ͑see Fig. 2͒ . Therefore, determination of the pressure drop across the microchannels ⌬P c requires correction of the measured pressure drop ⌬P using estimates of the pressure losses in the manifolds and pressure losses/recoveries due to flow area changes. However, calculations revealed that the significant pressure corrections are only due to the contraction from the inlet manifold to the microchannels and the expansion from the channels to the outlet manifold. Therefore, the channel pressure drop can be calculated as
The fluid enters the microchannels as subcooled, single-phase liquid. Therefore, the contraction losses at the inlet of the microchannel can be estimated from Ref. 28.
where K con = 0.0088␣ 2 − 0.1785␣ + 1.6027 ͑10͒
The pressure recovery due to flow expansion at the exit of the microchannel depends on whether there is single-phase or twophase flow at this location. For a thermodynamic exit quality of x out Ͻ 0, single-phase flow is assumed while two-phase is assumed for x out Ͼ 0. For single-phase flow, the pressure recovery can be expressed as ͓28͔
For two-phase flow, the pressure recovery due to expansion is given by ͓29͔
where K exp for two-phase flow will be taken as ͓28͔
The two-phase friction multiplier l is calculated using the Mishima and Hibiki ͓30͔ correlation. 
͑15͒
where
where D h is in meters. The Martinelli parameter depends on whether the liquid and vapor phases are in the laminar or turbulent regimes. For the current set of experiments, most of the data fall in the viscous-liquid, viscous-vapor regime. However, the vapor Reynolds number is sufficient in some instances for turbulentvapor conditions. The Martinelli parameter is calculated as ͓31͔
Re l Ͻ 2000 Table 1 . The inlet temperature of the test section was maintained at 87°C for all tests. Data were collected at three different mass fluxes for each experimental test piece: nominally 200 kg/ m 2 s, 600 kg/ m 2 s, and 1000 kg/ m 2 s. Heat fluxes up to approximately 3000 kW/ m 2 were achieved, although the heat flux was limited to lower values by critical heat flux in some of the tests. The calculated equilibrium thermodynamic exit quality x out ranged from approximately 45% at the lowest mass flux ͑200 kg/ m 2 s͒ to approximately 15% at the highest ͑1000 kg/ m 2 s͒. The saw-cut and 3.9 m EDM tests were conducted at a mass flux of 1000 kg/ m 2 s numerous times to ensure repeatability of the results. For both test sections, the measured wall temperature was repeatable to within approximately 2°C.
The flow boiling curves for the R a = 1.4 m, 3.9 m, and 6.7 m surfaces are shown in Figs. 5͑a͒-5͑c͒ , respectively. For low superheats, single-phase fluid flows through the entire microchannel. Boiling commences at wall superheats ranging from 2 K to 3 K for a mass flux of 200 kg/ m 2 s and from 6 K to 8 K for a mass flux of 1000 kg/ m 2 s. The requirement of higher wall superheats at the higher mass fluxes may be due to a larger temperature gradient being present in the near wall region, producing a thinner superheated liquid layer that suppresses nucleate boiling. The surface roughness does not appear to have a substantial effect on the wall superheat at incipience. Once boiling commences, a higher slope in the boiling curve compared with the single-phase region is apparent due to the higher heat transfer coefficients with boiling heat transfer. In the fully developed boiling region, mass flux does not appear to have a major influence on the boiling curve for the range of conditions tested. According to Lee and Mudawar ͓32͔, the influence of mass flux on boiling heat transfer is dependent on the experimental conditions; with some researchers, similar to the current study, finding a weak dependence ͓2,4,33͔ while others have reported a strong dependence ͓34,35͔.
Critical heat flux ͑CHF͒ was experimentally achieved in the G = 200 kg/ m 2 s and 600 kg/ m 2 s cases. For the G = 1000 kg/ m 2 s cases, the maximum heat flux was limited by the power supply used in the experiments rather than CHF. The critical heat flux measurements are shown in Fig. 6 . For the lower mass flux case ͑200 kg/ m 2 s͒, the R a = 3.9 m and 6.7 m surfaces had an 18% and 22% lower CHF value than the saw-cut surface, respectively. At a mass flux of 600 kg/ m 2 s, the 3.9 m surface had a 9% higher CHF than the saw-cut one while the 6.7 m surface had a nearly identical CHF value as the saw-cut surface. It should be noted that the precision with which the CHF values are determined is limited to the heat flux increment used in the experiments near CHF ͑150-250 kW/ m 2 ͒. Nonetheless, it does not appear that the surface roughness has a large influence on the critical heat flux under the conditions tested.
The influence of surface roughness on the saturated boiling heat transfer coefficients can be seen in Figs. 7͑a͒-7͑c͒ for mass fluxes of 200 kg/ m 2 s, 600 kg/ m 2 s, and 1000 kg/ m 2 s, respectively. All mass fluxes showed a similar trend. For heat fluxes below approximately 700 kW/ m 2 , there does not appear to be a significant effect of surface roughness on the saturated boiling heat transfer coefficient. Although for G = 1000 kg/ m 2 s, the 6.7 m surface does have notably higher heat transfer coefficients than the other surfaces yet still within the estimated range of experimental uncertainty. At higher heat fluxes, the effect of surface roughness on the heat transfer coefficient is more marked. For heat fluxes above 1500 kW/ m 2 , the EDM surfaces have approximately 20-35% higher heat transfer coefficients than the saw-cut surface at a given heat flux. However, there is no significant difference in the measured heat transfer coefficients between the two EDM surfaces ͑3.9 m and 6.7 m surfaces͒ at these higher heat fluxes.
As discussed earlier ͑and as indicated in Table 1͒ , the channel dimensions of the three test pieces vary by Ϯ10% of the nominal 500ϫ 500 m 2 channel dimensions. The experimental results of Harirchian and Garimella ͓2,4͔, using microchannels with dimensions ranging from 100ϫ 400 m 2 ͑W c ϫ H c ͒ to 5850 ϫ 400 m 2 , indicate that saturated flow boiling heat transfer coefficients are not significantly influenced by small changes in channel dimensions. It is, therefore, believed that the differences in heat transfer coefficients measured in the current tests are a result of the different surface roughness rather than due to small differences in channel dimensions.
Heat Transfer Predictions. Bertsch et al. ͓36͔
compiled an extensive review of heat transfer correlations for saturated flow boiling in small channels. They found that the Cooper ͓37,38͔ pool boiling correlation outperformed most dedicated flow boiling correlations when evaluated against a large database of experimental results assembled from a wide range of studies in literature. The Cooper correlation resulted in mean absolute error ͑MAE͒ of 36% when compared with this large database. Bertsch et al. ͓5͔ later developed a composite model based on the formulation of Chen ͓39͔, offering improved predictions for flow boiling in small channels ͑MAE of 28% compared with the same database͒.
The nucleate boiling heat transfer coefficient h NB is evaluated from the Cooper ͓37,38͔ correlation ͑see Table 2͒ and the liquid and vapor convective heat transfer coefficients are evaluated from the Hausen ͓40͔ correlation. Since the Cooper correlation already includes a factor accounting for the effect of surface roughness, it is instructive to ascertain how well the Bertsch et al. flow boiling correlation ͑Eq. ͑19͒͒ predicts saturated heat transfer coefficients over the wide range of surface roughness considered in the current study.
It should be noted that the experimentally determined saturated heat transfer coefficients presented in this study are averaged over a thermodynamic quality ranging from 0 to the channel exit quality x out ͑Table 1 presents the maximum exit qualities obtained in the study͒ while the Bertsch et al. correlation ͑Eq. ͑19͒͒ predicts heat transfer coefficients at a particular quality. Based on the definition of the saturated heat transfer coefficient in this study ͑Eq. ͑7͒͒, an average flow boiling heat transfer coefficient can be calculated from a local heat transfer coefficient using For low reduced pressures, either the Gorenflo ͓44͔ nucleate boiling correlation or the Cooper ͓37,38͔ correlation reformulated to include the surface roughness factor originally proposed by Nishikawa et al. ͓42, 43͔ should prove more suitable ͑see Table 2͒ for use in Eq. ͑19͒. It should be noted that such a modified Cooper correlation provides nearly identical predictions to the original formulation by Cooper for reduced pressures above 0.08. As indicated in Figs. 8͑b͒ and 8͑c͒, the Bertsch et al. correlation utilizing the Gorenflo or modified Cooper correlation offers much improved predictions with MAEs of 22.5% and 21.8%, respectively, and predicting 70% and 72% of the data within a deviation of Ϯ30%, respectively. Considering the expected errors of current state-of-the-art flow boiling correlations, the modified Bertsch et al. correlations appear to offer acceptable predictions even over the range of surface roughness considered in this study. However, the reasons for the similar heat transfer characteristics of the R a = 3.9 and 6.7 m surfaces are not adequately explained by the current models, which illustrates the general weakness in using R a to characterize boiling surfaces. Improved methods of accounting for the surface roughness effect on flow boiling heat transfer are certainly desired.
Pressure Drop
Results. The pressure drop results are shown in Fig. 9 . At low heat fluxes in the single-phase regime, the pressure drop is independent of heat flux. Once boiling commences, the pressure drop increases with an increase in heat flux. Similar pressure drop values were measured for the two EDM surfaces ͑R a = 3.9 and 6.7 m͒. In the saturated boiling regime, the pressure drop is on average 40% and 45% higher for the 3.9 m and 6.7 m surfaces, respectively, compared with the 1.4 m surface. However, unlike the heat transfer coefficients, the differences in pressure drop are due to differences in the channel dimensions in addition to possible surface roughness effects. It is, therefore, necessary to gauge the influence of channel dimensions on the pressure drop before the surface roughness effect can be ascertained.
The influence of channel dimension can be estimated from twophase pressure drop correlations available in literature. However, there is no general agreement on the most applicable pressure drop correlation to microchannels. Several small-channel correlations ͑such as those by Lee and Lee ͓45͔, Mishima and Hibiki ͓30͔, Mudawar and co-worker ͓7,8͔, and Lee and Garimella ͓9͔͒ were compared for validation against the experimental results for the R a = 1.4 m since this surface most closely matches the test pieces used in the development of the various previous pressure drop correlations. It was found that the Lee and Garimella ͓9͔ correlation provided the most accurate predictions of the measured pressure drop results for the current set of experiments. A comparison of the experimental pressure drop and the predictions from Lee and Garimella ͓9͔ is shown in Fig. 10 . The predictions match the experimental data with a mean absolute error of 17.6% with 83% of the experimental data falling within Ϯ30% of the predictions. Therefore, the Lee and Garimella ͓9͔ correlation is used to predict the influence of channel dimensions on pressure drop.
On average, the Lee and Garimella ͓9͔ correlation predicts that the 3.9 m roughness channels should have approximately a 40% larger pressure drop than the 1.4 m roughness channels due to the smaller channel dimensions ͑see Table 1͒ while the 6.7 m surface is predicted to have approximately 20% larger pressure drop than the saw-cut channels. As previously noted, this compares to the experimental measurements of 40% and 45% larger pressure drops for 3.9 m and 6.7 m surfaces, respectively, compared with the saw-cut surface. Based on this analysis, it appears that the larger pressure drop of the 3.9 m surface is due purely to smaller channel dimensions than the 1.4 m surface. However, the increased roughness of the 6.7 m surface does appear to have a noticeable adverse impact on the pressure drop.
Conclusions
Experiments were conducted on three microchannel heat sinks with different surface roughness ͑R a = 1.4 m, 3.9 m, and 6.7 m͒. For the current test surfaces, roughness did not appear to have a significant impact on the boiling incipience wall temperature. Surface roughness was also found to have only a minor influence on the critical heat flux. For wall heat fluxes below 700 kW/ m 2 , only small differences in the saturated boiling heat transfer coefficient due to surface roughness were measured. However, at higher heat fluxes, the EDM surfaces ͑3.9 m and 6.7 m͒ have notably higher heat transfer coefficients than the saw-cut surface ͑1.4 m͒ at a given heat flux. The two EDM surfaces have similar values for the heat transfer coefficients at higher heat fluxes. For a fixed heat flux above 1500 kW/ m 2 , the EDM surfaces have between 20% and 35% higher heat transfer coefficients than the saw-cut surface.
The Bertsch et al. ͓5͔ correlation from literature, modified for the low reduced pressures of the current study using the Gorenflo or modified Cooper correlation to predict the nucleate boiling heat transfer coefficient, provided acceptable flow boiling heat transfer predictions over the entire range of test conditions considered in the present study.
From analysis of the pressure drop measurements, it is not believed that the 3.9 m surface causes a measurable increase in the pressure drop. However, the 6.7 m surface does appear to have an adverse effect on the pressure drop compared with the 1.4 m and 3.9 m surfaces. The results of this experimental study demonstrate that under certain conditions, surface roughness can have a notable influence on heat transfer and pressure drop in microchannel flow boiling and therefore is an important parameter for consideration when designing microchannel heat sinks. 
